Cell preparations in cytochemistry are conventionally analyzed with transmitted light after fuation and reaction with agents such as azo-coupling dyes. With cell suspensions stained with fluorescent cytochemical dyes, cells can also be analyzed and sorted by flow cytometry. We have exploited the intense red fluorescence of Fast Red Violet LEI generated in cytochemical reactions to perform flow cytometric analyses of alkaline phosphatase (AP) expression in rat bone marrow stromal cells. By modifying staining protocols of single-cell suspensions, we demonstrate that in comparison to staining with Fast Red TR, the method is specific, can distinguish among various levels of enzyme expression within the whole population, and permits enzyme kinetic studies of heterogeneous cell populations. The method was applied to study
Introduction
Bone marrow stroma, which contains a heterogeneous population of cells, contributes to hematopoiesis (1-4) and comprises a variety of cell lineages including adipose, bone, cartilage, and reticular cells (5-7). The hierarchies of these cell lineages and the factors that regulate cell proliferation and differentiation are poorly understood. At present there are no readily available methods to discriminate the cell populations that contribute to the bonekartilageladipose lineages, and it is unknown if they arise from common or separate progenitors.
Osteogenic lineages express alkaline phosphatase (AP) (8), a polyfunctional enzyme (9) which plays an important role in mineralization (10,ll) and can bind Ca2+ (12, 13) , transport inorganic phosphate (14, 15) , and regulate cell division (16) (17) (18) . Many previous studies (19) (20) (21) (22) (23) have used the expression of alkaline phosphatase as a marker for the osteogenic stromal lineage, although there is evidence that AP is also expressed by non-osteogenic stromal cells
In recognition of the heterogeneity of bone marrow stromal cell (24) (25) (26) (27) . populations, we have developed flow cytometric methods to distinguish cells according to their level of AP expression. The basis of the method is the brilliant red fluorescence of the azo-coupling dye Fast Red Violet LB (28, 29) which, when used as a cytochemical stain, permits specific detection and quantification of AP in rat bone marrow stromal cells (RBMSC).
Materials and Methods
Cell Isolation and Culture. Single-cell suspensions of rat bone marrow stromal cells (RBMSC) obtained from femora of young adult male Wistar rats (110-125 g; Charles River, Quebec, Canada) were prepared as described by Maniatopoulos et al. (30) . Cells were grown in a-minimal essential medium containing ribosides and deoxyribosides (a-MEM + DNA + RNA) supplemented with 15% fetal bovine serum (FBS; Flow Laboratories. McLean, VA), 50 pglml ascorbic acid, 10 mM sodium-0 glycerophosphate (Sigma; St. Louis, MO), 100 pg/ml penicillin G (Sigma), 500 pg/ml gentamycin (Sigma), and 0.3 p g / d fungizone (Flow). As dexamethasone (Dx) has been shown previously to exhibit marked effects on the differentiation of osteogenic cells and on AP activity (19, 23) , cells were treated with Dx to determine the sensitivity of the flow cytomeuic method described herein.
Bone marrow stromal cells from the contralateral femur of each rat were obtained and cultured with medium supplemented with Dx in an ethanol vehicle at a final concentration of lo-* M. All cultures were grown in T-75 tissue culture flasks (Falcon; Becton-Dickinson, Mississauga. Ontario, Canada) and were maintained at 37'C in a humidified atmosphere con-KAMALIA, McCULLOCH, TENENBAUM, LIMJBACK sisting of 95% air plus 5% COL These conditions facilitate the growth of stromal cells but do not allow significant attachment or growth by hematopoietic cells (31). Consequently more than 93% of the cells studied in these experiments were stromal and less than 6% were monocyteslmacrophages. Culture medium was changed every 2-3 days and cultures were grown for a total of6 days. In some experiments cultures were pulse-labeled with [3H]-T& at 111 Bqlml (740 GBqlmmol; New England Nuclear, Lachine, Quebec, Canada) for a period of 3 hr before harvesting. Confluent cultures were harvested by trypsinization, neutralized with equal volumes of growth medium, centrifuged at 8000 x g for 10 min and re-suspended in 2% paraformaldehyde in Ca", Mc-free PBS for 10 min. After fixation cells were centrifuged at 8000 x g for 10 min, re-suspended in PBS, and aliquots were examined under phase-contrast microscopy to ensure that cell suspensions were not clumped. Autoradiography. An aliquot (500 ml) of the unsorted and the sorted cell suspensions was used to prepare cytospins (Cytospin 11; Shandon, Sewiddy, PA) which were then dipped in NTB-2 Nudear Track emulsion (Ko-d&, Rochester, NY). exposed at 4°C under low-humidity conditions, kept in light-tight boxes for 2 weeks, and dewloped with D-19 developer (Ko-
Spcctduorimctry. Quantification of the fluorescence intensity of APpositive populations of cells was performed with a microscope fluorimeter (Leitz MWSP Wetzlar, Germany) equipped with a 530/30-nm excitation filter cube and with the emission monochromator set at 64016 nm. Five replicates per population were analyzed, with 10 measurements per field and five fields per replicate. Data Analysis. fight-scatter and fluorescence intensity distributions of all samples were acquired in liner list mode. Data analysis software (Consort 40 software; Becton-Didrinson) was run on a MicroVax computer (Digital Equipment; Maynard, MA). Signal processing hardware consisted ofa linear amplifier with a 10-bit ADC for 1024 channel resolution. Four decades were available for display of histograms with 256 channeMdecadc and 78 channelsldoubling. Fluorescence of single-pmeter channel plots was uxd to display the signal intensities of AP-positive cells and the percentage of fluorescent cells above background values (no substrate) was computed. The mean and standard deviation of the percentages of AFpositive cells were calculated for cacb acperiment or experimental condition. In some experiments, Pearson's correlation coefficient was computed using a least-squares fit.
Correlation of AP Activity and Fluorescence Intensity. To determine the relationship between fluorescence intensity and AP activity, Scpharose beads were coupled to purified bovine alkaline phosphatase (Sigma).
Scpharose 4B beads (Pharmacia Fine Chemicals; Uppsala, Sweden) were washed and swollen in 1 mM HCI for 1 hr and subsequently mixed with protein dissolved in coupling buffer at a ratio of 1:2 (vlv). The mixture containing ligand and swollen gel was rotated end-over-end for 2 hr at room temperature. Blockage of excess active groups on the immunoadsorbcnt was obtained by incubating with a primary amine (0.2 M glycine, pH 8.0) for 2 hr at room temperature. Excess uncoupled enzyme was removed by washing the adsorbent four or five times alternatively with a low-pH acetate buffer (0.1 M. pH 4) and a high-pH coupling buffer (0.1 M NaHCo3, pH 8.3, containing 0.5 M NaCI). This coupling procedure was repeated for various enzyme concentrations (0.2.4.8. 16 .5, and 33 Ulmg of bead). To quantify the enzyme activity ofthc AP-coupled beads, the APconjugated beads were stained for AP at a dye concentration of 1 mg/ml and a substrate concentration of 0.03% (w/v) naphthol-AS phosphate. Four cytospins per enzyme concentration were prepared and the fluorescence intensity was measured with a spcctrofluorimeter.
Results
Rat bone marrow cells stained with Fast Red Violet LB exhibited a broad range of intensities when excited at 530 nm in the fluorescence microscope (Figure 1 ). Confocal microscopy was used to generate nominal 1-pm optical sections of whole cells. This approach demonstrated very intense staining in membrane regions and low levels of stain throughout the cytoplasm when cells were stained at concentrations of 1 mglml. Preliminary experiments conducted with Fast Red TR salt indicated lack of specificity of staining, since bright-red cells were observed when the substrate was deleted. In contrast, cells stained with Fast Red Violet LB salt at concentrations as low as 0.05 mglml and analyzed by flow cytomeuy arhibited specific enzyme reaction, since staining was abrogated in the absence of substrate ( Figure 2 ). Although very low concentrations of Fast Red Violet LB salt (0.05 mglml) were used for flow cytometry, specificity of staining was preserved at concentrations of up to 1 mglml (Figure 1 ). Staining was also found to be stable over time, and there was no loss of fluorescence several days after preparation.
To optimize excitationlemission configurations for flow cytometry, fluorescence analysis by spectrofluorimetry was performed, Analysis of stained preparations of single-cell suspensions demonstrated that there was a broad excitation spectrum ( Figure 3) which encompassed both the 488-and 514-nm lines of an argon laser, although cell autofluorescence was comparatively diminished by utilization of the 514-nm line. Consequently, all flow cytometric analyses were conducted using the 514-nm excitation line. Analysis of fluorescence emission indicated a broad band spectrum (580-700) with a peak at c. 630 nm.
Preliminary experiments conducted to optimize data analysis methods for flow cytomeuy demonstrated that in comparison with logarithmic amplification, linear amplification of fluorescence signals facilitated the discrimination of cells with a broad range of fluorescence intensities, Cells with AP activity ranging from low to high fluorescence were detected, and analysis of these signals also permitted a clear distinction between background (no substrate) and positively stained cells (Figure 2 ). Fluorometric measurements of AP-conjugated Sepharose beads demonstrated that fluorescence intensity was significantly correlated (Y = 0.94) with the log concentration of AP enzyme. The relationship between fluorescence intensity and enzyme activity was found to be: Photometer Units = 514.5 + 36.76 loglo[AP activity]. Thus, fluores- population distribution. Consequently, windows were set with a lower limit of 130 and an upper channel limit of 618 for "low-AP cells." Cells with fluorescence intensities between channels 619 and 1024 were designated "high AP." Fluorescence microscopy of unsorted RBMC (Figures SA and SB) demonstrated RBMSC with a broad spectrum of AP staining. Further visual examination of sorted populations of stained cells indicated that the linear analysis method could clearly separate high- (Figures 5C and 5D ) and low-staining cells, an observation confirmed by single-cell fluorimetry measurements of sorted cells (Figure 6) . Comparison of the single-cell fluorimetry data from cells that visually exhibited high-and low-AP staining intensity vs high-AP and low-AP cells sorted on the flow cytometer demonstrated good agreement (pX.2).
To examine whether flow cytometry could be used in kinetic analyses, a time-course experiment was performed. The AP staining reaction exhibited an asymptotic relation between time and staining intensity (Figure 7) which reached a plateau at 4 min. Cells stained longer than 8 min tended to exhibit increased nonspecific staining.
Cells grown in the presence of lo-* M Dx, pulse labeled with [3H]-thymidine, and sorted on the flow cytometer into low-APstaining cells demonstrated a significantly higher (p<O.Ol) labeling index than controls (5.24 -t 0.2% with Dx compared to 3.85 -t 0.07% for BMC cells grown in the absence of Dx). Cells grown in the presence or absence of Dx, when incubated with [3H]-thymidine and sorted into a high-AP-expressing population, were unlabeled by [ 3H]-thymidine.
Discussion
Visualization and estimation of cell-bound AP activity is conventionally performed with metal salts, diazonium salts (19,32), or with indoxyl-tetranitro BT (33) reagents that are detected by light absorption. Fluorogenic substrates have also been employed for detection of AP in single cells (29, 34) or by flow cytometry (35-37) . However, measurements of cell-bound AP by umbelliferyl substrates has not been demonstrated to be reliable (26), while diffusion problems (35) and lack of specificity (38) have complicated other methods.
Recognizing that some of the diazonium salts used in conventional histochemical staining reactions are fluorescent (28,29,38) , we have developed simple and reliable methods to quantify membrane-bound AP activity in rat bone marrow stromal cells. Consistent with earlier reports on the use of Fast Red salts as fluorescent dyes (28,29), we were able to obtain strong fluorescence signals from both Fast Red TR and Fast Red Violet LB. However, as previously described (38), we were not able to obtain specific staining with the Fast Red TR salt. In contrast, analysis of the Fast Red Violet LB salt demonstrated specific staining and strong emission when excited at 488 or 514 nm with an argon ion laser. Staining was stable over time and did not fade appreciably after several days. More detailed spectrofluorimetric analysis demonstrated that optimal excitation was obtained at 514 nm, thereby reducing cell autofluorescence, a significant problem with cells of bone marrow stroma. Thus, conventional flow cytometers equipped with standard excitationlemission configurations for analysis of propidium iodide or rhodamine dyes can be used without modification for analysis of Fast Red Violet LB salt-coupled cytochemical reactions. When a 2 laser configuration is used with Hoechst 33258 staining, it is also possible to obtain simultaneously information on AP activity and nuclear DNA content.
As demonstrated earlier (2,7), bone marrow stromal cells contain heterogeneous populations of cells that express different levels of AP. Data of RBMC pulse-labeled with [3H]-thymidine and sorted on the flow cytometer clearly indicate the presence of at least two separate AP-positive populations. One population exhibits low AP expression and proliferates, whereas a second, high AP-expressing population does not cycle. These discrete populations may reflect either the presence of different lineages of stromal cells or the existence of subpopulations of AP cells (39) within the osteogenic cultures (40). For example, we have demonstrated previously that osteogenic cultures exhibit AP-staining cells with a very low cycling fraction (6, 19) , indicating that expression of AP is either linked to cell cycle phase (32) or is a marker of cell differentiation (19) . The methods reported here are appropriate for study of AP expression in bone marrow stromal cell cultures, particularly in view of the fine discrimination of different levels of AP obtained with linear analysis by flow cytometry. Furthermore, direct assessment of enzyme activity and fluorescence indicates a direct and quantifiable relation. Application of this method for flow cytometry and cell sorting on the basis of AP levels could provide insights into whether the osteogenic cultures studied here are indeed composed of mul- tiple subpopulations of osteogenic cells (39) or are instead simply manifestations of cell cycle-related variations in AP expression (32). Earlier work has shown that AP is strongly regulated by osseotropic hormones (19, 23, 41) . The results presented here suggest that Dx, which has profound effects on osteogenic cells in vitro (19) , may directly influence AP Iwels. The detection of Dx-mediated effects by flow cytometry is consistent with earlier results using different techniques (19, 40) and indicates that this method is sensitive and specific. To improve the quantitative capabilities of this flow cytometric method, we performed cytochemical staining reactions at substrate concentrations that allow for zero-order kinetics of the bone, liver, and kidney alkaline phosphatase (42). This methodology, in combination with flow cytometry, allows measurement of the kinetics of AP activity in cells exposed to Dx. These time-course data on staining intensity were rapidly acquired using flow cytometry, and they point to the ease and sensitivity of this method in kinetic studies of cell-bound enzyme activities.
In this report we have described the initial study to apply flow cytomeuy quantification of AP expression in bone marrow stromal cells. Flow cytomeuy complements conventional cytochemical methods and adds new dimensions to analysis. For example, sorted cells can be further studied biochemically or by other cytochemical methods. Studies that are currently under way using ROS 1 7 / 2 3 cells have also demonstrated positive AP staining of viable cells (viability >60%) a t pH 7.8 and with DMSO as the dry solvent. Therefore, the application of the AP flow cytometry method combined with markers for bone-specific proteins should facilitate the study of osteogenic populations in bone marrow.
